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A series of Cr films with varying thicknesses have been prepared using a multiple moving substrate
deposition geometry. These films have been investigated with several experimental techniques,
including synchrotron x-ray scattering, pole figures, electron microscope, and double crystal
diffraction topography. It was found that thein-plane stresses are highly anisotropic in these Cr
films. The anisotropic stresses, characterized by two principal stresses in two characteristic
directions defined by the deposition geometry, are quantified based on a methodology given in the
Appendix. The plan view transmission electron microscopy observations reveal that the Cr films
develop well-organized microstructures. The grains, which are elongated along the radial direction,
are crystallographically aligned as well. The development of crystallographic texture in the Cr films,
further revealed by pole figures and azimuthal~f! x-ray scans, depends on both the deposition
geometry and the film thickness. The preferential orientation of film growth is@110# for thinner films
~,1.6 mm!, and then becomes@111# for thicker films. Correspondingly, thein-plane texture varies
in a conformal manner. In the former case,@100# and@110# directions of grains preferentially align
along the radial direction and the direction of platen rotation, respectively. In the latter case, the
preferential orientation of grains in the radial direction becomes@112#, while that in the direction of
rotation remains to be@110#. The occurrence of the anisotropic stresses and their dependence on film
thickness is related to the evolution of the anisotropic structure andin-planetexture. The correlation
is discussed in terms of the modulus effect associated within-plane texture, the stress relief at


























Cr films are used as engineering protective coatings
wear and corrosion resistance,1 also used in photomasks, in
tegrated circuits, optical, and magnetic devices.2–4 For most
applications, the film properties and performance stron
depend on the crystallographic orientation~texture! of the
grains in the films.5,6 For example, Cr films, used as an u
derlayer for thin magnetic recording media, have been sho
to significantly enhance the coercivity of Co and Co-bas
magnetic films if its crystallographic orientation is proper
controlled.7,8 The preferred orientations of magnetron sp
tered Cr films are reported to be either~110! or ~200!, de-
pending on Ar pressure, substrate temperature, and subs
bias.2,3,7,8 Ravipati et al. have observed~110! texture in the
Cr films deposited at low-argon pressure and low-subst








temperatures.9 Tsaiet al. have studied Cr films as the unde
layer for Co-based films, and have indicated that devel
ment of~110! or ~200! textures of Cr film is closely related to
the types of substrate materials.10 This result, however, is no
supported by the recent observations made by Miller a
Holland,4 Tang and Thomas,3 and Fenget al.8 These authors
have indicated that the preheating of substrate appears t
the deciding factor for forming~200! texture, regardless o
what types of substrates are used. Two mechanisms for
ture formation have been proposed by Fenget al. for Cr
films:8 ~i! The crystallographic texture originates from th
preferential orientations of islands before continuous fi
forms and~ii ! the crystallographic texture develops due
faster growth of grains with favorable orientations after t
films become a continuous film. The authors contributed
former mechanism to the~110! texture and the latter to the
~200! texture. Although not stated explicitly, these studies
Cr have focused primarily onout-of-planetexture, i.e., the









































7184 J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Zhao et al.Of particular relevance to this work are the observations
Karpenkoet al. who reported that the sputter-deposited M
thin films ~under certain deposition geometry! can develop
in-plane texture.11 The authors have proposed that se
shadowing effect and the anisotropic shape growth of gra
are primarily responsible for the development of thein-plane
texture.12 However, whether it is a general phenomenon
deposited materials or just unique for Mo films is unknow
This work is intended to address this issue through the st
tural characterization of magnetron sputtered Cr films.
Generally, Cr is considered to have low-atom
mobility.13 Thus, vapor-deposited Cr films tend to devel
large tensile residual stress, which often affect their adhe
to substrates.1 Many studies14–17 have revealed the direc
link between the microstructure and the stress state in
films. One objective of the present study is to determine
stress states of the Cr films and to identify their correlation
the film structures. The emphasis will be placed on the e
lution of the in-planeanisotropic characteristics of the film
II. SPECIMEN PREPARATIONS AND EXPERIMENTS
A series of Cr films with varying thickness~0.1–4.5mm!
were prepared using dc magnetron sputtering, with a m
tiple moving substrate geometry shown in Fig. 1. In suc
geometry, four Si~100! single crystal wafers were place
onto af530-cm rotation platen, and the center of each s
strate is about 25 cm from the rotation axis. The Si substr
were always oriented in a consistent manner such that t
@110# flat edges align with the radial direction of the plate
The chamber base pressure was typically less tha
31026 Torr. Prior to deposition, the Cr target was presp
tered for 5 min to remove the surface oxides and thus red
FIG. 1. The multiple moving substrate deposition geometry used for
magnetron sputtered Cr films. Note that the multiple substrates move un



















the impurities in the films. The primary deposition param
eters include 460-W power, 2-mTorr Ar pressure, and 6-
target-substrate distance.
The x-ray scattering experiments were conducted at
Stanford Synchrotron Radiation Laboratory under stand
conditions~3-GeV and 100-mA at fill!. The monochromatic
x-ray with wavelength 0.124 nm was selected using a
~111! double-crystal monochromator. The wavelength w
calibrated via a standard LaB6 powder specimen. The hori
zontal divergence and vertical divergence of the beam we
and 0.2 mrad, respectively. The incident beam was defi
by a 1 mm31 mm slit. Specimens were mounted onto
Huber 5020 four-circle diffractometer. The@110# flat edges
of ~100! Si substrates were used as a reference so tha
e
er-
FIG. 2. The x-ray diffraction pattern of a 1.6-mm Cr film obtained with
symmetric reflection geometry, which indicates the~110! type out-of-plane
texture.
FIG. 3. Intensity distribution of the~110! and ~200! reflections from a
1.6-mm Cr film, obtained by azimuthalf scan at a grazing incidence ang







































7185J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Zhao et al.specimens were oriented consistently with respect to the
cident beam. Diffracted x rays, whose vertical divergen
was limited by a 1-mrad Soller slit, were received by a G
manium solid-state detector with nitrogen cooling. The sy
metric reflection geometry was used for determination of
out-of-planetexture. The symmetric grazing incidence g
ometry ~GIXS! was used to collect the reflection intensiti
from the lattice planes that are nearly parallel to the fi
normal. The Bragg conditions for major reflections of ea
Cr film such as~110!, ~200!, and~211! were first established
Then azimuthalf scans were performed, where the intens
of a particular reflection was collected while the specim
was rotated along its normal. Apparently, the diffraction
tensity at anyf is directly proportional to the volume frac
tion of grains that have this particularin-plane orientation.
For a GIXS experiment, usually only the top layer of a fil
contributes to the diffraction intensity. Such a layer is es
mated to be;100-nm thick for all the Cr films in this study
Surface morphologies of Cr films were examined with
scanning electron microscope. Microstructural observati
FIG. 4. Intensity distribution of the~110! and ~200! reflections from a











were performed on selected Cr films with transmission el
tron microscopy. To prepare TEM thin foils, 3-mm dis
were prepared by ultrasonic cutting and mechanica
thinned from the substrate side to;125mm. The discs were
then chemically etched using a HNO3:HF:CH3COOH mix-
ture ~3:5:3! until Cr films became partially exposed. Subs
quently, the specimens were ion milled at 5 KeV either fro
one side or both sides to achieve electron transparency.
Thin-film texture was measured from reflection x-ra
pole figures collected using a Rigaku Rotaflex x-ray syst
equipped with a 12-KW rotating anode~Cu Ka radiation!
and a Rigaku texture diffractometer configured in the Schu
geometry.
In order to determine the stresses in Cr films, all the
wafers characterized by double-crystal diffraction topog
phy before and after film deposition. The curvature differe
tials were used to calculate the stresses in thin films base
the equations given in the Appendix.
III. RESULTS OF STRUCTURAL CHARACTERIZATION
A. Structure of the texture in the 1.6- mm Cr film
Figure 2 shows the diffraction pattern of a 1.6-mm Cr
film, which is obtained using the symmetric reflection geo
etry. Thus, the appearance of only the~110! reflection indi-
cates that theout-of-planetexture is the~110% type. The azi-
muthal ~f! scans on the same film provide thein-plane
intensity distributions of two major reflections of bcc C
~110! and ~200!, as given in Fig. 3. The presence of th
strong peaks in these patterns suggests that the grains
the preferential crystallographic orientations in the plane
the film, namely, thein-plane texture. The structure of tex


































7186 J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Zhao et al.ture can be inferred from the patterns shown in Figs. 2 an
with aid of the ~110! projection @Fig. 4~a!#. Based on the
diffraction geometry of scan, one can establish that th
structure of the texture is related to the deposition geome
The result is schematically illustrated in Fig. 4~b!. The tex-
ture is represented by the preferential crystallographic or
tations in three characteristic directions as defined by
deposition geometry, namely,@110#, @110#, and@100# prefer-
entially align in the direction of film growth, the radial d
rection, and the direction of platen rotation, respective
These crystallographic orientations conform to the relati
ship governed by a cubic lattice. Thus, the texture in the
film is triaxial in nature. Shown in Fig. 5~a! are the~110! and
~200! pole figures, which further verifies the structure of te
ture and its correlation with the deposition geometry, as r
resented in Fig. 4~b!.
B. Thickness dependence of textures in Cr films
Figure 6 shows the diffraction patterns of a series of
films with varying thickness, which were obtained via sym
metric reflection geometry. For comparison, the strong
peak in each pattern is normalized to 100%. The thin
films ~0.1, 0.4, and 0.8mm! exhibit similar diffraction pat-
terns as that of the 1.6-mm film, indicating that these films
also have the~110!-type out-of-planetexture. However, in
the diffraction patterns of thicker films~3.2 and 4.5mm!, the
strong~222! reflection appears in addition to the~110! reflec-
tion. Note that for a bulk Cr sample, the intensity of t
FIG. 6. The x-ray diffraction patterns of Cr films with different thickness
obtained with symmetric reflection geometry. The results indicate that
out-of-plane texture changes from the~110! type to the~111! types after a
certain thickness. The nominal thicknesses of the films:~a! 0.1 mm; ~b! 0.4













~222! reflection is usually only 6% of that of the~110! re-
flection, as reported in the Joint Committee for Powder D
fraction Standard card. Therefore, the diffraction patterns
Figs. 6~e! and 6~f! suggest the occurrence of the~111!-type
out-of-planetexture in thicker Cr films. This implies that th
out-of-planetexture changes from the~110! type to ~111!
type, which occurs between 1.6 and 3.2mm.
Figure 7 shows the azimuthal scan results of a 0.8mm Cr
film, as an example for the thinner films. Detailed analy
indicates that the thinner films (0.1mm,t,1.6mm) have a
similar type of in-plane texture as the 1.6mm film. Their
texture structure can be also described by Fig. 4~b!. In-plane
texture is quantitatively evaluated using two physic
variables:12 the half width at half maximum~HWHM! of the
intensity peaks~in f scans! and the volume fraction of the
textured grains. Apparently, the two variables reflect the ‘‘d
gree’’ and the ‘‘amount’’ of textured grains, respectively. Th
HWHM is obtained by fitting the patterns from the azimuth
scans using Gaussian functions. The volume fraction of t
tured grainsVf is defined as the ratio of integrated intens
from textured grains to that from the entire scattering volu
of a film. The results of HWHM andVf are presented in Fig
8. Both HWHM andVf appear to scale~approximately! lin-
early with film thicknesst, especially ast.0.4mm. Vf in-
creases with increasing film thickness, and reaches more
95% at t51.6mm. This suggests that nearly all the grai
are textured at such a thickness. HWHM, indicative of t
angular spread of textured grains, decreases with increa
thickness. Its value approaches 10° att51.6mm, indicating
,
e
FIG. 7. Intensity distribution of the~110!, ~200!, and~211! reflections from





























7187J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Zhao et al.that textured grains achieve a high degree of alignmen
this thickness.
C. Structure of the texture in thicker films
Since the thicker films have the~111!-type out-of-plane
texture, theirin-planetexture is expected to differ from thin
ner films. This is evidenced by the azimuthal scans of
4.5-mm film shown in Fig. 9, which reveals certain distin
features. First, the~200! reflection shows a uniform intensit
distribution, as opposed to the cases of thinner films. Sec
the intensity of the~211! reflection peaks at different az
muthal angles~f!. These variations are consistent with t
fact that preferential growth direction now is@111# instead of
@110#. In these thick films, few grains possess~200! planes
perpendicular to the plane of film. This leads to the nea
uniform intensity distribution of the~200! reflection. Further-
FIG. 8. Variations of the volume fraction of textured grains and HWHM~of
peaks in intensity distributions!, showing the evolution nature of the in
plane texture.
FIG. 9. Intensity distribution of the~110!, ~200!, and~112! reflections from





more, the presence of six peaks in the azimuthal scan of
~112! reflection in Fig. 9~c! agrees well with the~111! pro-
jection shown in Fig. 10~a!. Based on these analyses, one c
establish the correlation between the structure of texture
the thicker films and the deposition geometry, as shown
Fig. 10~b!. The preferential orientation in the direction o
platen rotation remains@110#, and the one in the radial direc
tion becomes@112#. This result is consistent with the~110!
and ~200! pole figures shown in Fig. 5~b!.
D. TEM observation and electron diffraction
Figure 11 shows the plan view TEM results, where t
microstructures in different depths of the 1.6-mm Cr film are
revealed. The micrograph in Fig. 11~a!, taken from the layer
~;500 Å! near the film-substrate interface, represents
microstructure of the film at the very early stage of its dep
sition. The equiaxed, fine grains show little preferential o
entation, as indicated by the electron diffraction patte
shown in Fig. 11~b!. The micrograph in Fig. 11~c!, taken
from the top layer~;500 Å!, represents the microstructure o
the film near the end of deposition. The microstructure
organized and anisotropic, consisting of elongated gra
FIG. 10. ~a! A @111# projection showing the relationships between seve
crystallographic orientations, and~b! a schematic drawing illustrating the



























7188 J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Zhao et al.with aspect ratios as high as four. The grains, which elong
along the radial direction, are also aligned crystallograp
cally. This is evidenced by its electron diffraction pattern
Fig. 11~d!, on which a detailed analysis indicates that
~a! The preferential orientation in the direction of film
growth is @110#,
~b! The direction of grain elongation is@100#, and
~c! The in-planedirection normal to grain elongation i
@110#.
These observations are consistent with the structure of
ture deduced from x-ray diffraction studies.
Figure 12 presents the plan view TEM results of t
4.5-mm film. The microstructure of its top layer~;500 Å! is
shown in Fig. 12~a!. The grains are still elongated along th
radial direction, but the aspect ratios become much sma
compared to the 1.6-mm film. This suggests that the micro
structure is less anisotropic for the thicker films. Howev
the grains are still well aligned crystallographically, as in
cated by the electron diffraction pattern in Fig. 12~b!. An
analysis of the pattern leads to
~a! The preferential orientation in the direction of film
growth is @111#,
~b! The direction of grain elongation becomes@112#,
and
~c! The in-planedirection normal to grain elongation i
still @110#.
Again, these results are consistent with the structure of
ture depicted in Fig. 10 obtained from x-ray diffraction stu
ies. The micrograph in Fig. 12~c! was taken from a midlaye
which is roughly 1.5mm from the film substrate. The micro
FIG. 11. Plan view TEM results of a 1.6-mm Cr film. Note that~a! and~b!
were taken from the top layer of the film, and~c! and ~d! were taken from








structure, not surprisingly, resembles that of the top laye
the 1.6-mm film. Figure 12~d! shows the electron diffraction
pattern taken from the midlayer of the 4.5-mm film, clearly
pointing to the~110! out-of-planetexture. This further con-
firms the results by x-ray diffraction that texture chang
from the ~110! type to the~111! type in the thicker films.
IV. ANISOTROPIC STRESS IN THE Cr FILMS
The stress in the Cr films is generally anisotropic a
strongly depends on film thickness. As shown in Fig. 13,
in-plane stress state is characterized by two princip
stresses: The stress in the radial directions r and the stress in
the direction of platen rotationsp . For the very thin films,
stresss r is smaller than stresssp . Their differences become
smaller as the film thickness increases within the ran
0.1mm,t,0.4mm. After a certain thickness (t;0.5mm),
stresss r becomes gradually larger thansp . The stress an-
isotropy reaches its maximum at the thicknesst51.6mm,
wheres r is several times larger thansp . Furthermore, the
stresses r andsp exhibit the different dependencies on film
thickness. As the film thickness increases from 0.1 to
mm, sp decreases drastically whiles r increases slightly. As
the film further thickens (1.6mm,t,3.2mm), s r decreases
rapidly while sp shows little variation. Over these tw
ranges of film thicknesses, stressesr andsp have displayed
nearly reverse trends of variation. Such behavior appear
FIG. 12. Plan view TEM results of a 4.5-mm Cr film. Note that~a! and~b!
were taken from the top layer of the film, and~c! and~d! were taken from a





































7189J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Zhao et al.be related to the microstructural evolution, the developm
of in-plane texture, and the texture change, as discusse
Sec. V.
V. DISCUSSION
The highest-stress anisotropy is observed at abot
;1.6mm, which coincides with the occurrence of the utmo
grain elongation~see Figs. 11, 12, and 14!, along with the
strongest in-plane texture. Furthermore, both principa
stresses r andsp in Fig. 13 show different trends of varia
tions for filmst,1.6mm andt.1.6mm, respectively. These
are the two ranges of film thickness, in which the Cr film
develop different types ofin-plane textures. Such observa
tions suggest the links between the stress behaviors of th
films and their microstructural features, which are elucida
in the following three sections.
A. Modulus effect associated with in-plane texture
Generally, elastic properties of a crystal depend on cr
tallographic orientations. For a cubic crystal, the modulus







whereS11, S12, andS44 are the elastic compliance anda, b,
and g are the directional cosines of@hkl#. Using S11
50.28; S12520.052; andS4450.97 for Cr,
18 one can get
the following results:
E1005360 GPa; E1125300 GPa;
E1105270 GPa; andE1115250 GPa.
Now let us consider the textured Cr films as depicted in F
4~b! and 10~b!, respectively. For both types ofin-plane tex-
tures, the radial direction coincides with the preferential o
entations @100# or @112#, which have the higher moduli










Therefore, the textured Cr films have the largest modulus
the radial direction. Such a modulus effect associated w
in-plane texture could be a factor that contributes to t
larger stress in radial direction than in the direction of pla
rotation.
B. Microstructural effect: Intercolumnar voids
For the films within 0.1mm,t,1.6mm, the different
dependencies ofs r andsp on film thickness could be inter
preted based on the sources of generation and relaxatio
tensile stress, namely, the atomic scale voids~mainly grain
boundaries! and microscale voids~mainly intercolumnar
voids!. The voids, which exist between the elongated grai
align preferentially parallel to the radial direction. For th
very thin films (t,0.1mm), the ‘‘voids’’ ~if any! should be
on an atomic scale, and behave like grain boundaries.
structural relaxations of these grain boundaries have b
considered as the main source of tensile stress~often referred
to as Hoffman stress14! in the deposited films of metals with
low-atomic mobility, such as Cr.19–22 This seems to explain
that for the very thin Cr films (0.1mm,t,0.4mm), stress
sp is higher than stressr . After a certain thickness, the film
gradually develops microscale intercolumnar voids as a
sult of the shadowing effect. Such voids are so wide t
atomic elastic couplings between neighboring grains are
tually impossible. Thus, they serve as the sources of st
relief, because these void regions cannot support stre23
Apparently, the volume fraction of the intercolumnar voi
increases as the film thickens, which contributes to the ra
drop in stresssp within the range of 0.1mm,t,1.6mm.
On the other hand, the components of intercolumnar void
the direction of platen rotation are negligibly small, whic
accounts for the little variation ofs r as a function of film
thickness.
FIG. 14. Scanning electron microscopy micrographs showing the sur
structures of Cr films with different thickness.~a! 0.8 mm; ~b! 1.6 mm; ~c!























































7190 J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Zhao et al.C. Stress-driven texture transition?
As theout-of-planetexture changes from the~110! type
to the ~111! type, the preferential orientation in the radi
direction changes to@112# from @100#. Correspondingly, the
modulus of the Cr films is expected to decease in the ra
direction, which contributes to the reduction in stresss r ~for
t.1.6mm). Such a reduction in the elastic energy could
the driving force for the texture transition. This is plausib
due to the following considerations:
~a! The grain elongation and the development of text
seems to reach saturation around 1.6mm ~see Fig. 14!. If the
trend continues, these grains would grow into each ot
Furthermore, there should be an up limit of the length of
grains, which is dictated by the surface diffusivity at t
given deposition condition.
~b! As the film deposition proceeds, temperatures in
chamber and at the growing film surface increase, espec
for the late growth stage of thick films. The atomic mobili
and surface diffusion are enhanced, as indicated by the
eted surface structure shown by the thicker films~Fig. 14!.
~c! At t;1.6mm, the stress r reaches very high mag
nitudes. Given the high-stress state and the enhanced at
ability/surface diffusion, it is plausible that the growth of th
film searches for and transits to an energetically favora
configuration. The texture transition appears to serve su
purpose, as evidenced by the rapid decrease ins r after t
.1.6mm. For metal films, changes ofut-of-planetextures
with thickness were previously reported in other systems.24,25
Similarly, the competition between surface energy and ela
strain energy was believed to be the cause for the tex
turnover.26
VI. CONCLUSIONS
Cr films prepared using dc magnetron sputter under
multiple-substrate geometry have been investigated in te
of their stress states and unique structural features. Gene
the stresses in these films are strongly anisotropic. The
isotropic stresses are characterized by two principal stres
One is the stress in the radial direction (s r) and the other is
the stress in the direction of platen rotation (sp). Both s r
andsp are dependent on film thickness. The stress beha
including both stress anisotropy and the film thickness
pendence, is linked to the microstructural features, includ
the crystallographic textures. Generally, the Cr films deve
well-organized microstructures, which consist of elonga
grains separated with the preferentially aligned intercolu
nar voids. The direction of grain elongation, consisten
along certain crystallographic orientations, is related to
deposition geometry and coincides with the radial directi
The thinner films (t,1.6mm) develop~110! out-of-plane
texture and the relatedin-planetexture. For thicker films, the
out-of-planetexture becomes a~111! type and the related
in-plane texture changes conformably. The correlation b
tween the anisotropic stress and the film structures is
cussed in terms of the modulus effect associated within-
planetexture, the stress relief at intercolumnar voids, and
texture transition. Meanwhile, it is suggested that the text
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APPENDIX: DETERMINATION OF ANISOTROPIC
STRESS
For a film deposited onto a~110! or ~111! Si single crys-
tal, the isotropic residual stress in the film causes isotro
deformation of the substrate.27 The stress can be calculate
using the well-known Stoney equation.28 In the case of stress
anisotropy, the stress state in a thin film is described by
principal stresses 1 and s2 . Other notations used in thi
work are shown in Fig. 15. For a film-substrate compos
the position of its neutral axis was considered
Davidenkov.29 Let d be the shift of the neutral axis from th









whereEf andEs are Young’s modulus of film and substrat
respectively. This quantity is usually very small~,1% of the
substrate thickness!. It is valid to assume that the neutral ax
of the film-substrate composite locates at the center planz
50 of the substrate~as long ash!H). In fact, this is one of









The principal strains at thez plane in the substrate~Fig. 15!


























Consider a general case where the directions of princ
curvatures do not coincide with the crystallographic dire
tions @100#Si and@010#Si . Under such a condition, the direc
tions of the principal curvature may not necessarily refl
the directions of principal stresses in the film. In order
utilize the elasticity theory for cubic single crystal, one nee
to perform tensor transformations. The notations used for
following analysis are shown in Fig. 16. Letex(z),
ey(z)exy(z), and ez(z) be the strain tensors andsx(z),
sy(z)sxy(z), sz(z) be the stress tensors in the substrate w
respect to thex–y coordinate system, which coincides wi




















wheree1 ande2 were represented by Eqs.~A3!. The stress-
strain relationships for single crystal can be given as
F ex~z!ey~z!ez~z!
exy~z!
G5F s11 s12 s12 0s12 sss s12 0s12 s12 s11 0












FIG. 16. The angle~u! between the direction of principal stress1 and the
@100#Si generally differs from the angle~a! between the direction of the





































S 1R12 1R2D sin 2a.
According to stress tensor transformation, the princi
stresses at thez plane of substrate are obtained as
s1~z!5F S 1R1 1 1R2D 12~s111s12!








s2~z!5F S 1R1 1 1R2D 12~s111s12!







The momenta associated with substrate deformation ca
obtained from Eqs.~A8! by integrating over the substrat
thickness. Apparently, these momenta must be balance











Based on the balance equations, one can obtain the equa
correlatings1 ands2 to R1 andR2
s15
1
6 F S 1R1 1 1R2D 12~s111s12!










6 F S 1R1 1 1R2D 12~s111s12!
















If the @110# flat edge of the Si wafer is aligned with the radi
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